INTRODUCTION
Homeobox-containing genes are transcription factors which regulate programs of embryonal development (1,2) and cellular differentiation (3) (4) (5) (6) (7) (8) . The Hox 2.2 gene is expressed in spatially and temporally specific patterns during murine spinal cord development (9) . In terms of cellular differentiation, we have previously reported that the HOX 2.2 gene is expressed in an erythroid specific pattern in a survey of human hematopoietic cell lines (10) . We have recently demonstrated that there is a marked decrease in HOX 2.2 mRNA in an erythropoietin responsive human leukemia cell line following hormone-mediated erythroid differentiation (Shen et al, submitted) . Furthermore, we have also demonstrated that over-expression of a HOX 2.2 coding mRNA alters the phenotype of the erythroleukemia cell line K562 (Shen et al, submitted) . These studies suggest that this homeobox protein may play a role in determination of the erythroid phenotype.
In order to investigate the role(s) of HOX 2.2 homeobox gene expression in red cell differentiation and murine development, we have characterized these genes and their transcription products in four human erythroid cell lines, as well as in murine embryonic and adult tissues. Since many homeobox genes are alternatively spliced to form transcripts either containing or missing the homeobox domain (11) (12) (13) (14) . we have also characterized the splicing patterns of the HOX 2.2 gene products. Comparison of the human and murine data demonstrate that, while the relative amounts of alternatively spliced products vary considerably, the same splice sites are utilized in all human erythroleukemia cell lines as well as in murine adult kidney and embryonic tissues. RNAse protection and cDNA cloning show the presence of two HOX 2.2 transcripts-a spliced mRNA which encodes a 224 amino acid homeobox protein, and an unspliced message which would potentially yield a 140 amino acid protein lacking the homeodomain.
MATERIALS AND METHODS Human Cell Lines
HEL (15) , K562 (16) , OCIM1 (17) , and MB02 (18) are human leukemic cell lines with erythroid features. The cells were propagated in RPMI medium or IMDM medium (OCIM1) with 10% fetal calf serum or 10% human serum plus GM-CSF (MB02), at 37° in a 5% CO2 incubator.
cDNA Library Construction And Screening
Poly A+ RNA was isolated by the guanidinium thiocyanate procedure (19) , followed by chromatography on oligo dT cellulose. cDNA libraries for HEL cells (15) were prepared from poly A+ RNA by the method of Gubler and Hofrnan (20) . A series of human genomic HOX 2.2 sub-clones (21); a murine 12 day embryo XGT-11 cDNA library; and a murine genomic cosmid library were all gifts from C. Hauser and R. Tjian, UC Berkeley.
Human HOX 2.2 Cloning.
The human HOX 2.2 genomic sequence was determined from fragments originally isolated by Levine et al (21) . cDNA libraries were constructed using either oligo dT primers, or in some cases specific human HOX 2.2 primers (nt 1917 to 1901, antisense; nt 2508 to 2491, antisense; and nt 1811 to 1791, antisense). In attempts to enhance the synthesis of 5' regions of human HOX 2.2 cDNAs, first strand cDNAs were synthesized in the presence of methyl mercury. Initial cDNA library screenings were performed with a 2.1 kb EcoRl HOX 2.2 homeobox-containing genomic probe at 42°C, in 50% formamide (22) . Subsequent screens were performed with gel purified DNA fragments as shown in Fig. 3 . All probes were labeled with the random primer method (23) . Positive clones were purified and subcloned into M13 vectors for dideoxy sequence analysis using the 35 S modified procedure (24) . A partial human cDNA clone was obtained from the oligo-dT primed library which consisted of bp 710-722 and 1783-2700 and which thus lacked the intron which spans bp 723-1782 ( Figure 3 ). PCR amplification of HEL cell mRNA was used to generate cDNAs lacking the intron but containing all of the 5' protein coding region and overlapping with HEL-7 ( Figure 3 ). cDNAs were prepared from HEL cells using methyl mercury (22) and were amplified with the following sets of overlapping primers: RNAse Protection Analysis In order to prevent contamination of cytoplasmic mRNA with unprocessed heteronuclear RNA, cytoplasm was routinely separated from nuclei prior to RNA isolation. Human leukemia cells were lysed in NP40 buffer, while murine embryonic tissues were disrupted by Dounce homogenization in the presence of NP40 (25) . Cytoplasmic RNA samples were prepared by separation from nuclei by sucrose pad centrifugation followed by proteinase K treatment and chromatography on oligo dT cellulose (19, 25) . DNA fragments shown in Fig. 3 were subcloned into Bluescript vectors and RNA probes synthesized with 32 P UTP as described (25) . Probes were purified by electrophoresis in 4% polyacrylamide/urea gels, hybridized to poly A+ RNA at 65°C, digested with RNAse A and Tl, and the protected bands electrophoresed in 4% polyacrylamide/urea gels as described (25) . Each protection experiment was repeated with at least two separate preparations of cytoplasmic mRNA from each cell line.
Northern Gel Analysis
RNA samples were prepared by the guanidium thiocyanate procedure (19) . mRNAs were fractionated on agarose/formaldehyde gels, transferred to Gene screen, crosslinked by UV irradiation, and probed as previously described (10) . Filters were probed sequentially with double-stranded probes prepared by the random primer method (23), or with single stranded probes prepared by primer extension of cDNA fragments cloned into M13.
RESULTS

HOX 2.2 Expression In Human Erythroleukemia Cell Lines and in Murine Embryonic and Adult Tissues
Northern gel analysis using a genomic probe containing the entire HOX 2.2 region (21) shows expression in HEL cells as a single broad band centered on 1.4 kb (10) . A probe containing only the homeobox (B, Fig. 3 ) hybridizes to an identical broad band (Fig. 1A, lane 1) . A probe containing only the 5' coding region (probe A, Fig. 3 ), reveals a tighter band at 1.4 kb (Fig. 1 A, (Fig, 3 , probe B). Lane 2 was probed with the cDNA 5' flanking region (Fig. 3, probe A) The drawing labeled genomic corresponds to the region of the murine Hox 2.2 gene reported in Figure 4 . The hatched areas correspond to the regions of the cDNA which would encode protein, while the dimpled box represents an additional 5' transcribed region. The stripped box represents the 'intron' which is present in alternatively spliced transcripts, while the closed box represents the homeobox. Two types of cDNA clones are depicted-those which lack an intron sequence (WF-10), and clones containing the apparent intron sequence (WF-14). Probes a and b were used for RNAse protection experiments described in Figure  7 . Arrows 5 and 6 indicate PCR primers used for generation of cDNA clones containing the 5' coding region and the intron. These clones and the partial cDNA clones (WF-14), together with RNAse protection data were combined to form a composite intron-containing transcript depicted as Hox 2.2 IC. The dashed 5' portion of Hox 2.2 IC represents proposed transcription initiation at the same site as was used in WF-10.
(Figs. 3A and 4). The presence of stop codons in the homeobox reading frame and of consensus splice junctions, as well as comparison with cDNA clones suggest that there is a 1 kb intron immediately upstream from the homeobox, similar to those observed for other homeobox genes (26) . Examination of the HOX 2.2 genomic sequence also revealed several consensus TATA and CCAAT boxes as well as a consensus PU binding site (GAGGAA) (27) upstream from a proposed AUG translation start site (nt 315).
Isolation Of HOX 2.2 cDNAs From Human Erythroleukemia Cells (HEL)
Screening an HEL cell cDNA library with a HOX 2.2 genomic probe yielded a series of partial 3' homeobox-containing clones.
The longest clone (HEL-7) appears to be missing approximately 600 bp of 5' protein coding sequence when compared to the human genomic sequence or mouse Hox 2.2 cDNAs ( Figure 3B ). This clone did, however, contain sequences 5' to the splice junction of the 1 kb intron. Although a genomic probe representing the 5' region missing in these cDNAs hybridizes strongly to HEL mRNA (Fig. 1A , lane 2), attempts to produce 5' enriched cDNA libraries using specific primers did not yield additional clones. We employed a series of oligonucleotide primers designed from the genomic sequence to complete the proposed full-length cDNA, using polymerase chain amplification (PCR) to clone overlapping regions of HEL mRNA. These PCR dervied cDNA clones were combined with the HEL-7 partial cDNA clone to yield a 1400 bp composite cDNA corresponding to the major HOX 2.2. coding transcript (Figure 3 , HEL).
Expression of Alternatively Spiked mRNAs In Human Erythroid Cell Lines
A series of genomic probes have been used in RNAse protection experiments to investigate the HOX 2.2 transcripts in cytoplasmic mRNAs isolated from four human erythroleukemia cell lines, HEL (15), MB-02 (18), OCIM1 (17) , and K-562 (16) . In order to confirm the presence of transcripts encoding the putative HOX 2.2 N-terminal flanking region, we used a genomic probe containing 25 nt of sequence 5' to the proposed translation start site, the entire proposed N-terminal protein coding sequence (407 nt), and 50 nt of the intron (probe D, Fig. 3 ). mRNA from all four cell lines protects a major band of approximately 410 nt which appears to represent the 5' flanking region from which the intron has been spliced. Unexpectedly, small amounts of a second, 460 nt band presumably representing unspliced transcripts are also observed (Fig 5) .
To confirm that the 1 kb intron is differentially spliced in these human cell lines, RNAse protection was performed on cytoplasmic mRNAs using a second probe which spans the splice donor site but starting at a different point in the coding region while ending at the same point in the intron (probe E, Fig. 3 ). As shown in Figure 6 , both HEL (lanes 2 and 3) and K562 (lane 5) cell mRNA protect a major 217 nt band which represents spliced transcripts and a minor 267 nt band which represents unspliced transcripts.
A probe which spans the splice acceptor site (probe C, Fig.  3 ) was used to assess splicing at the other side of the proposed intron. HEL and K562 cell mRNA protect a major 98 nt band representing the spliced transcripts and a weak 167 nt band representing unspliced mRNA (Fig.6, lanes 4 and 6) . Similar results have been obtained with probes C and E for OC1M1 and MB02 cells (data not shown). (29) is underlined. The nucleotides below the murine sequence in the 3' untranslated portion are differences between our sequence and that of Schughart et al.
Human HOX 2.2 Transcripts Encode Potential Proteins Containing or Lacking a Homeodomain
The major HOX 2.2 transcript, from which the intron has been spliced (Fig. 3, HEL) , contains a long open reading frame which would encode a 224 amino acid homeobox protein when the first in frame AUG is used for initiation (Fig. 4) . The sequence obtained for the homeobox domain is altered in the first six amino acids from that previously reported by Levine et al (21) . The protein contains a hexapeptide (residues 127-132) which is conserved in several other homeobox proteins (28, 29) . The Nterminal half of the proposed HOX 2.2 protein is rich in proline residues (16 of 92). In addition, the C terminal of the protein, which terminates shortly after the homeobox, is very negatively charged, containing a stretch of 5 contiguous glutamic acid residues. As shown in Figure 3 , a single 1060 bp intron interrupts the human HOX 2.2 coding region. This intron contains numerous stop codons within the homeobox reading frame including a TG-A which occurs immediately 3' to the splice donor junction (nt 723) (Fig. 4) . The potential HOX 2.2 protein encoded by the unspliced transcript observed in RNAse protection experiments (Figs. 5 and 6) would utilize the same AUG start site as the proposed full-length protein, but would terminate immediately after the intron junction, and would thus lack the homeodomain and 3' acidic region.
Isolation Of Two cDNA Classes For Murine Hox 2.2
Since the northern gel analysis suggested that multiple transcripts of the Hox 2.2 gene are expressed in murine tissues (Fig. 1) , we screened a mouse embryo cDNA library with a 2.1 kb human genomic probe to isolate Hox 2.2 cDNAs. Restriction and partial sequence analysis revealed that the resulting clones consisted of approximately equal numbers of two alternatively spliced structures ( Figure 3B ). WF-10 represents transcripts from which the intron is excised. Comparison with the murine Hox 2.2 genomic sequence revealed that six other unique clones represented partial cDNAs consisting of the Hox 2.2 homeobox domain and 3' flanking region preceded by portions of the intron which are excised from WF-10. The longest of these clones (WF-14), which contains approximately 960 bp preceding the homeobox, is shown in Figure 3B . Since WF-14 is too short to account for the 2.3 kb message ( Figure IB) , we hypothesize that it is a partial clone derived from unspliced message which might contain the 5' coding region. PCR amplification has been used to obtain cDNA clones representing this region. As shown in Figure 3B , use of primers 5 and 6 with cytoplasmic mRNA from 12 day mouse embryos resulted in isolation of cDNAs whose sequence contains the entire 5' coding region extending through the intron to overlap WF-14. These overlapping clones have been incorporated into the proposed structure for the alternatively spliced transcripts (Figure 3-Hox 2.2-IC) . Figure 6 . Alternative Splicing of a 1 kb Intron in HOX 2.2 Transcripts from Human Erythroleukemia Cell Lines. A 337 nt intron donor probe which spans the 5' coding region and the intron (Fig. 3, probe E 
147-144-
Murine Hox 2.2 Transcripts Encode Potential Homeoboxcontaining and Boxless Proteins
The spliced cDNA clone (WF-10) contains 1542 bp, which corresponds closely to the 1.6 kb message. This clone contains a long open reading frame which would encode a 224 amino acid homeobox protein. The murine Hox 2.2 homeobox region shows 92% nucleotide identity and 100% amino acid identity with the human homeobox domain. The remaining protein sequence is 96% identical to the proposed human Hox 2.2 translation product and contains the conserved hexapeptide sequence N-terminal to the box (residues 127-132, Fig. 4) . The murine intron sequence also contains numerous stops in the homeobox reading frame, including the TGA located immediately 3' to the splice donor site. Thus translation of unspliced transcripts using the common AUG initiation site would yield a truncated N-tenminal protein missing the homeodomain.
Demonstration Of Intron-Containing Murine mRNAs By RNAse Protection
We used RNAse protection to demonstrate the presence of intron containing transcripts in cytoplasmic mRNA and to delineate the relationship of the cloned cDNAs to transcripts present in murine embryonic tissues. As shown in Fig. 7 , a probe which spans the splice donor site yields two protected bands: a 204 nt fragment corresponding to a spliced transcript and a 230 nt fragment corresponding to unspliced mRNA. These data show that (Fig. 7 right) . Given the darker autoradiographic image inherent in a larger band, these results also indicate that approximately 60 percent of the message is spliced, while 40 percent contain intron sequences. RNAse protection experiments on adult murine kidney, uterus, and spinal cord mRNA show that all three tissues contain both spliced and unspliced transcripts, but that spinal cord contains relatively little of the unspliced mRNA (results not shown).
Human And Murine HOX 2.2 Genomfc Sequences Are Highly Homologous
Comparison of the human and murine genomic and cDNA sequences show that in addition to the highly conserved coding region, there are other extremely conserved regions (Figure 4 ). The 5' non-coding sequences are more highly conserved than the protein coding region. In the 3' untranslated region there is an extremely conserved (99%) 135 bp region nested within a larger segment of high identity (91% over 327 bp). A search of Genbank did not reveal any significant homology for this region with other reported sequences. Immediately following this highly homologous section, both genes contain repetitive, AT-rich sequences: the human gene contains (TGA) 6 (TAA) 6 (TCA) 5 (TAA)2 immediately prior to the polyadenylation signal; the murine cDNA in the same region consists of a similar repeat: (TAA/TAT) 8 (TGA) 4 (TAA)4. Although the intron regions show much lower overall homology, there is a 150 bp section (1186-1335 in the murine sequence) which is 82% identical to that of human.
DISCUSSION
We have previously reported the lineage-restricted expression of a number of homeobox genes in human hematopoietic cell lines (10 (31) . The proposed zebrafish homeobox protein is highly homologous to the human and mouse proteins, including the box region, which we find to differ from a previously published sequence (21) . Unfortunately, the zebrafish Hox 2.2 gene transcripts were not characterized, so that the occurence of unspliced transcripts could not be evaluated.
We have presented sequence and RNAse protection data for two types of human and murine HOX 2.2 transcripts. A single 1 kb intron interrupts the coding sequence of the HOX 2.2 gene. Excision of this intron results in one type of mRNA which encodes a potential 224 residue protein containing an extended proline-rich N-terminal flanking region, a homeodomain and a short 3' acidic cluster. Proline rich regions (32) and acidic clusters (32) have been shown to function as activation domains. This spliced transcript is the predominant message in human erythroleukemia cell lines and is a major transcript in the mouse embryo and adult tissues.
A second form of mRNA is expressed in nearly equal amounts in murine adult kidney and uterus and embryonic tissues. This mRNA appears to contain at least portions of the unspliced intron contiguous to the extended N-terminal flanking region. Since we have not isolated a complete cDNA clone which extends from the translation start site through the intron to the homeobox, it is unclear whether the entire intron remains in the introncontaining clones. The 2.3 kb band of mRNA observed by northern gel analysis is slightly smaller than would be expected for a transcript containing the entire intron. However, the signficance of the intron containing transcript is not its size but the fact that the intron interrupts the protein coding sequence. Thus we have shown by RNAse protection that minor amounts of human HOX 2.2 transcripts in hematopoietic cells extend from the AUG initiation codon in the 5' coding exon across the splice junction into the proposed intron. Furthermore, we have shown by RNAse protection and PCR amplification that a major fraction of the murine transcripts extend from the 5' coding region into the intron-containing cDNAs. In addition, the 2.3 kb murine mRNA band observed in northern gels hybridizes to both 5' exon and intron probes suggesting that these transcripts contain these two elements. Both the human and murine introns contain an in frame TGA stop codon 6 nucleotides past the splice junction.
Translation initiation of these transcripts at the common AUG would yield 140 amino acid proteins consisting of the N-terminal flanking region, but lacking the homeobox and acidic cluster.
Alternative splicing of homeobox genes resulting in potential protein products lacking either the homeodomain or the extended flanking region appears to be a common event. The Drosophila homeobox genes Antp (12), Ubx (14) , and Abd-B (13) are all differentially spliced to yield transcripts which would encode fulllength homeobox proteins as well as either altered or truncated proteins. The alternative Abd-B transcript, which would encode a homeobox lacking the N-terminal amino acid region, was proposed to be a transcription represser (13) . We have recently demonstrated that a novel homeobox gene expressed in human myeloid cells (PL1), is similarly expressed as transcripts which would encode a full-length homeobox protein and a truncated protein containing only the homeobox (Lowney et al, submitted) .
In contrast to these homeobox genes, the murine retinoic acid responsive gene (ERA-1) is expressed as alternative transcripts which would encode a homeobox protein or a protein containing only the amino terminal flanking region, lacking the homeodomain (33) . Our results suggest that the HOX 2.2 gene forms an alternatively spliced transcript with the potential to code for a similar 'boxless' protein product. It is likely that the target gene specificity of the homeobox protein depends, in part, on the interaction of the flanking regions with other nuclear factors. A truncated HOX 2.2 protein without a homeodomain might compete for these nuclear factors, thereby influencing transcription. Future studies will be directed towards expression of these partial proteins in transfected cell lines to investigate potential influence on HOX 2.2 function.
